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AH ANALYTICAL STUDY CP WIHG AHD TAIL LOADS 
ASSOCIATED V/ITII ATi SLLVATOll DSFLiiCTIOH 
By H, A, Pearoon and J. 3, G-arvia 



SUKMAni 



The equations relating the v;ing and tail loads are 
derived for the type of control movemeiit that proceeds 
at a constant rate to a maximum value and tnoreafter re- 
mains constant. These equations are thon used to compute 
tho variation with time of tho win^ and tail loads for 
the BT-9B airT)lane; each of tho important parameters is 
varied in turn in the computations. Equations are derived 
for the da tern inat ion of the raaxiiaum increments of the wing 
load, the down-tail load, and the up-tail load follovjing 
a ,^;iven elevator displacement. 

For a given elevator displacement, the results indi- 
cate that the greater the rate of elevator movement the 
greater is the down-tail load and that a rearward shift 
of the center of gravity causes an increase in both the 
wing load and the upward-acting tail load. 



n^TSODUGTION 



The opinion has often heen expressed that the design 
load re ..uirement s of tail surfaces do not have the same 
rational basis as the requirements for other important 
parts of the airplane. It is felt that the reouirements , 
in the case of the horizontal tail surfaces, should not 
only take into account the g'^'ometric anO. the aerodynamic 
properties of the surfaces but should also have some in- 
timate relationship with the wing design load factor. 

In order to achieve this relationship, it is neces- 
sary to determine both the win^?, load that accompanies a 
given elevator deflection and the maxiinum ' effect ive angle 
of attack that occurs at the tail surface when both linear 
velocities and angular velocities are combined. There- 
fore, a rational determination of the tail load must some- 
hov; ta' e into account not onl^ the stability chara.cteris- 
tics of the airplane but also the manner in which the 
pilot actually moves the controls. 
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As early as 1921, Case and Sates (reference l) had 
investigated the problem of determining the tail load from 
a rational basis and, although their paper included a 
series of design charts, they concluded that the number of 
factors upon v/hich the maximum tail load depended was too 
large for any simple general formula to be given and that 
it was impossible to correlate the maximum tail load with 
the subsequent maximum wing load. Since that time, a num- 
ber of related papers (references 2 to 8) have appeared; 
these papers have correlated the wing load with the stick 
force (see reference 2) or with the tail load. In most of 
the papers, either Insufficient results are given for de- 
termining the effect of a wide variation in the rate of 
elevator movement on the tail load (see references 4 and 
5) or elevator displacement functions have been so chosen 
(see references 6 and 8) that the rate of movement is 
variable along the path. For these functions it is im- 
possible to isolate"^ the effect of elevator movement on the 
tail load. 

A consideration of the problem of determining the 
maneuvering tail loads for various types of airplane in- 
dicates that a desirable approach would be: 

1. 43etermine the variables that, from theoretical 
considerations, appear to be the most important in deter- 
mining the tail load. 

2. Having determined these variables, find by experi- 
ments conducted on an actual airplane, the parameters of 
which are accurately knov;n, the effect of each variable 

in turn on the tail load. 

3. Obtain statistical data regarding actual amounts 
and rates of elevator deflections at various air speeds 
for various airplane types. 

The present paper covers step 1 of the outlined in- 
vestigation, includes methods of computing the variation 
of wing and tail loads, and gives numerical results of the 
application of the theory to the BT-9B airplane. Finally, 
theoretical formulas are developed and charts are given 
for computing the maximum increments of wing load, the 
down-tail load, and the up-tail load following a given 
elevator displacement. 
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SYMBOLS 

The follov/ing is a list of the sj'inhols employed in 
^^^ t h i 3 p ap e r : 

v; airplane weight, pounds 

S v;ing area, square feet 

tail area, sc|Uare feet 

Td v;ing span, feet 

g acceleration of gravity, feet per second per second 

m airplane mass (VZ/g), slugs 

ky radius of gyration of airplane, feet 

I pitching moment of inertia (mky^) . slug-feet^ 

tail distance fron] center of gravity of airplane 
to aerodynamic center of tail, feet 

V "airplane velocity, feot per second 

p mass density of air, slugs per cubic foot 

q dynamic pressure (l/liipV^), pounds per square foot 

r,^ tail efficiency factor (q^/q) 

L lift, pounds 

Cl lift coefficient 

Cjjj pit ching-nioment coefficient of airplane less 
horizontal tail 

a vfing angle of attack, radians 
a^. tail angle of attack, radians 

i^ angle of setting of tail surface, radians 

5 elevator arrle, radians 

C dov/nv/ash angle, radians 
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Y flight-path angle with horizontal, radians 

9 angle of pitch (a+Y) , radians 

K empirical constant denoting ratio of damping 

moment of complete airplane to damping moment 
of tail alone 

n airplane load factor 

t time, seconds 

V/ith subscript x, t indicates time of maxi- 
mum elevator deflection; with prime (')» t 
indicates a;particalar time* 1^.0 notations 
a and d, G and 6, 7 and 7 denote 
single and double differentiations with re- 
spect to time, 

J^i»J^3ji'^3 constants occurring in basic differential equa- 
tion 

a, b roots of basic differential equation 

A, B constants of integration in solution of differ- 
ential equation 

empirical factors used in determining maximum 
values of angles 

Subscripts: 

0 initial value 

max maximum value 

d down load 

\q zero lift 

geo geometric 

t tail 



THSORETICAL RELATIOKS B3TWEES V/IHG AND TAIL LOAD 



The mathematical treatment of the longitudinal motion 
of an airplane following an elevator movement involves 
three simultaneous nonlinear differential equations. The 
correct solution of those equations must be obtained either 
by series substitution or step-by-step methods. A close 
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approximation to the correct solution can "be olDtained if 
it is assumed that, in the interval betwoen the start of 

a pull-up and the attainment of maxin^uir loads on the vin^ 
and the tril surfaces, nsither the initial velocity nor 
rr> the initial attitude chan^^es materially. These assump- 

tions, v/hich eliminate one of the three eojiatior'S of mo- 
\^ tion ?nd T.he trigonometric coefficients in the oth-^r tv;o 

ecLiaoion?, afford a cons idera'ble saving in lalsor v/hen a 
larr^e nu:.rber of cases are to he invac t i fjat ed . Irj adai- 
tiou, t:^e as -^u.mrjt ions agree qualitatively with experii::en- 
tal flight results and have been generally used in treat- 
ing longitudinal motion of an airplane follo-'/in^; a con- 
trol deflection. 

The follov:ing method, v;hich T.ainly employs v/el l-kno^'/n 
results, might concoivahly be ueeful at that stage of the 
design where numerical values of the load are required but 
where results of mvdel tests are uar-',vailaQl e . Under such 
conditions most of the aerodynamic pe.rarQsters of the air- 
plane that enter in:o the problem inus t bo determined from 
other sources, Soiae of these para:ne turs can oe determined 
with a hi^'h dQ:?;ree of accuracy; v;her-ps o'hcrs, notably 
the dovn-'ash f£::ctor, the tail efficiency factor, and the 
slope of the p it c h i n.f;-m om t^in t curve, cannot be obtained 
v/ith the same accuracy. 

If si;;;^n conventions of figure 1 are used, the 

f oilov/in.;-, e-quiations apply to tne steady-flight condition: 

^^'^ doT ^0^-^ ° 

Cmq ^+^:ao (l - H^-^ 6o i(T^t^^^t^t = 0 (2) 

b aa^ }^ V aa y afi ^ J ^ ^ 

Equation (l) represents the summation of the forces per- 
pendicular to the instantaneous flight path and equation 
(2) repre^^^ents the moments about the center of gravity. 

In accorda::Ce with the as ^3 UL'vp 1 1 0 n that there is no 
loss in speed durin-i; the pull-up, the corresponding dynamic 
equations can be written as 

V; cos (Yq + ^ V) - ^ (ao + A a) oS + mV V := 0 (3) 

da 



s 



\ ^ da / " tia^ ^ ^ \ da> V da V v^lt 



d6 



(6^ + A6) j (Ti^q)S^x^ « mky^ 6=0 (4) 



The teriii containing a is introduced to correct for the 
effect of^lag in downwash at the tail, and zYie term con- 
taining^ 6 is introduced to account for the change in 
tail an^^'le due to rotation. 

If equations (l) and (2) are suT) tract ad from equa- 
tions (3) and (4) end If it is assumed that only a small 
chanc^'e in attitude takes place (so that cos (V^ + = 
cos V), the following ijouations of motion are obtained: 



dCr 

mYY k ^ a aS = 0 

da 



(5) 



da ^ b aa 



exist 



?rom figure 1 the followin^.^ relations are seen to 

G = (a^ + Aa) + (Vq + AY) 

• • • 

6 = a + Y 

8 = a + V 

Thus, from equations (5) and (?) 

• dCj e 

Y « e - a = — ±i Aaq 



da 



mV 



(7) 



(8) 



and 



7 = G - a = — - aq 

da mV 



(9) 



If equations (s) and (9) are substituted into equa- 
tion (&), the tr:-rn:s containing a, 6a, and AS are 
se^re^at-d; and, if the resulting equation is divided hy 



-I, there is obtained 
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rdCj, S X ^ 
a + a i- — ^ ■ ^ J pn^V 



da 4 



21 



dC 



^o,; da 



m 



L da It da^ ^ I V da da ^ m /j 



For simplicity, equation (10) is written as 



(10) 



(11) 



which is the eq.uation for a damped oscillation with an 
impressed force where 



21, i 
2m 



2m 



da 



k 2 



da 



da 



dC, 



da kv 1) da^ k 



Y >- 



> da / da Jr]7 2 



r dC. 



2m L 



1!^ (lla) 

J 

i 

J 

It may oe noted here that, v/hen derivatives are con- 
sidered, il is immaterial whether a or Aa is used. 
Because most; of the results ;-/ill he given as increments of 
angles, the rotation Aa and A6 will be retained except 
where derivatives are ur^ed. If, in equation (ll), AS is 
expressed as a function of t and, in particular, if it 
is assumed that the elevator displacement curve is composed 
of a constant gradient up to a value of AS^^^.^^ occurring 
at time ti and thereafter is held at a constant value, 
the folio'-^ring conditions; for determining the constants of 
intei?;ration exist. 



In the first interval "between t = 0 
A5 =: ~ ^^inax* ^^d at t ^ 0 , Aa := & = 0 . 



and t = t 



It 



In the second interval, v/here t > and AS = AS 



max 
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the conditions for do terminiiiji^ the 
t = tjL. ^a, d, and A5 are given 
from the first interval. When the 
aro complex, that is, of the form 
case with airplanes that are 
solution of the differential 



val (t < 



1 



r 



constants are that at 
l)y tho values obtained 
roots of d+Kid+Kgi^a 
aiil), as will ho the 
longitudinally stable, the 
equation for the first inter- 



.at 



is 



cos bt - ^(aTT^li sin btj+t- 



(13) 



If equation (is) is differentiated and simplified by 
introducing tixe 0 quivalent values of and 



^2 f 



then 



a = 



t Ko 



at 



cos bt + e 



at 



sin bt 



(13) 



In the second Interval, 'Yhere t > t and = ^'^maxi 

thd comploto solution of equation (ll) Is 



Aa= o**(A cos l)t+B sin bt) -f ^^"""^^^ 



(14) 



whore A and B are constants of integration. 
If equation (l4) is differentiated, 
a= e^* L i. aA + b3) cos bt + (aB - bA) sin bt j 



(15) 



If the values that apply at t = t ^ are assigned to 
and d, equations (14) and (15) may bo solved simultane- 
ously for the numerical values ox the constants of inte- 
gration A and 3, which are then inserted into the 
eouations that apply for the second interval. Equations 
(13) a.id (14) enable a determination of the increment in 
wing an/;;'le of attack, while equations (13) and (15) give 
thd rate of change of the angle of attack following the 
particular type of control displacement adopted. The in- 
crements of the wing load and the load factor are then 
found from the aquations 



da 



An = 



AaqS 



da V//S 



(16a) 
(16b) 
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It is seen from the bracketed term in equation (6) 
that, in order to determine the effective tail angle of 
attack at any time, the pitching velocity and the rate 
of change of the wing angle of attack must first be known. 
If substitutions are made from equations (?) and (8) into 
this ternij the increment in effective tail angle of at- 
tack at any time is 



da da 2 m ^Ti^ J ' V \da v^-^^ 



V-i^A6! (17a) 



Tha value of Aa^ given in equation (l7a) is to be in- 
serted in the equation 



dCx^ 
daj. 



(17b) 



to obtain the increment in tail load at any time. 

The pitching angular velocity from equation (8) is 
seen to be 



A M. A p SV 

9 = & + — - - — 



da 2 m 



(18) 



Although equations (13) to (l5) are solutions for a 
particular type of elevator movement, other analytical 
displacement functions that give somewhat simpler solutions 
are available. (See references 6 and 8.) In these simpler 
functions, however, the rate of movement varies along the 
displacement curve so that its effect on the tail load 
cannot be directly determined. The following equations are 
general, allow for all types of elevator movement, and are 
subject to the assumptions previously listed. They may be 
derived from a consideration of a succession of small in- 
crements of elevator impulse 6(t)dt, 



t » 



inb (t «-t) 6(t) j dt (19) 



{^^ sinb(t'-t) + b sinb {t'-t)3e^^**"*^6(t)} dt (20) 

0 

The evaluation of general equations (19) and (20) is 
most readily obtained by integrating curves of the values 
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appea.ring v/itliin tha "braces plotted against the quantity 
t'- t. Such an integration gives the value of or a 

at the time t'. 



APPLICATION 0? THE THEORY 



Practical flight considerations indicate that* certain 
quantities appearing in equations (lla) must "be considered 
as varia'bles with a ^^iven airplane. These quantities, not 
necessarily listed in the order of their importance, are 
as follows: 

(1) Mass density of air p 

(2) Airplane speed V 

(3) Airplane laass m 

(4) Pitching moment of inertia I (»=mky^) 

(5) Rate of elevator deflection d6/dt 

(6) Increment of elevator deflection A5 

(7) Slope of the pi tching-momea t curve dCjjj/da 

(verjation is due to changes in the center-of- 
^r avi ty i:>o s i t ion) 

(3) Slope of the lift carve dCj^/da (variation is 

due to chan/2;es in the thrust component that 
Goutrlbutos to t\e lift) 

(9) Tail efficiency factor 71+ (variation is due to 
changes in thrust condition) 

(10) Do^A'nwash factor dc/da (variation is due to 
changes in the thrust condition) 

A numher of calculations v/erti made to determine the 
relative effects of each of these variables on the wing 
and tail loads for the BT-9S airplane. A drawing of this 
airplane is shown in figure 2# i^or all the cases consid- 
ered, the pertinent parameters and their numerical values 
are listed in table I. The required aerodynamic parameters 
v/eru available from unreported tests made in the full-scale 
wind tunnel and the other values listed were available "by 
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measurement or were arbitrarily assigned* The range cov- 
ered "by these variabiles is the range that might "be covered 
under actual flight conditions. 

Figure 3 shows the computed changes frora the steady- 
flight condition in the wing angle of attack, the effec- 
tive tail angle of attack, and the angular velocity for 
cases 1, 2, and 3 of ta"ble I due to a 15^ deflection of 
the elevator. The variables covered in this figure are 
the air speed and the rate of elevator deflection. 

figure 4 shows the effect of varying the altitude at 
tv/o different dynamic pressures corresponding to indicated 
velocities at 125 and 150 miles per hour, with only the 
medium rate of elevator movement being used. Figures 5 
through 10 show the results of varying the moment of iner- 
tia, the airplane mass, the slope of the lift curve, the 
downv/ash factor, the c ent er-of -gravi ty position, and the 
tail efficiency factor. In figures 4 to 9, case 4 of table 
I was used as the basis for comparison; in figure 10, case 
1 of table I was used. 

In figure 3, it is seen that the maximum effective 
negative increment of tail angle of attack markedly in- 
creased v;ith an increase in the rate of elevator deflec- 
tion; whereas, for a given dynamic pressure, the maximum 
wing angle of attack remained almost unchanged with the 
rate of elevator movement. An increase in the air speed 
caused: (l) a decrease in the maximum negative value of 
the effective tail angle of attack and (2) a proportional 
increase in the maximum angular velocity. Because of this 
behavior, the maximum increment of load on the wing and the 
positive increment of load on the tail vrould be propor- 
tional to the dynamic pressure for a given rate and amount 
of elevator deflection, but the maximum negative increment 
in tail load would be slightly less than proportional to 
the initial dynamic pressure. 

From figures 5, 6, and 7, it is seen that the assumed 
changes in the moment of inertia, the airplane mass, and 
the slope of the lift curve, respectively, caused only 
slight additional changes in the wing and the effective 
tail angles of attack and only slight additional changes in 
the angular velocities. A more marked effect is apparent 
in figures 4, 8, 9, and 10, where the altitude, the down- 
wash factor, the center-of-gravit y position, and the tail 
efficiency factor, respect ively, were varied. It must be 
remembered, however, that the changes apparent from these 
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figures do not necessarilj'^ represent the relati\'e impor- 
tance of each of the variablss oecause the percentages of 
chan.fjes considerecl were not equal but were taken as the 
changes that might be obtained in the contemplated flight 
tests. 

Ti'/ole II prcsonts tho percontajSOJ of changCi in the 
maximum wing load and in the maximum positive and negative 
tail load for interpolated 1-percent changes in each of 
tha variables t case 4 bein^:; usi^d as the standard of com- 
parison. Althor.gh this tablo sumniarizes the quant itativo 
effect of slic^ht changes in each variable from case 4 of 
table I, these changes must be taken as qualitative for 
other flight conditions of the BT-9B airplane and for other 
airplanes. 

Before conclusions as to the relative importance; of 
the variables are drawn from an inspection of table II, it 
must be recognized that certain variables may be more ac- 
curately obtainable than others, Por this reason, those 

variable?: that are less accurately known, such as the dov/n- 
wa.3h factor and tha tail efficiency factor, aay acquire 
greater importance in order to provide for the probable 
error in tho derived values. It api->ears that, for equal 
rates and amounts of elevator deflection, the center-of- 
gravity position is of the gr??&test importance; the down- 
wash factor, the air speed, and thc^ tail efficiency factor 
are of appro:: irnately equal importance but are somewhat 
less important than the c ent er-of -gravity por^ition in de- 
termining; the winf; £\nd the tail loads. 



i:qUATIONS a'OR DSTERMninrO MAXIMUM LOADS 



Although the preceding sections have given the sim- 
plified theory and its application to the computation of 
the load variation with time, the values of principal in- 
terest from 3 true tur al . c ons idera t i ons are the maximum in- 
crements of load on the wing and the tail follov/ing a 
given control deflection. Equations and factors for de- 
termining the theoretical maximum lord^i are as follows: 



Maximum V/in.^ Load Increment 

Reference to equation (14) indicates that the incre- 
ment of the wing angle of attack^ and as a consequence the 
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wing load, is determined by. the addition of a damped os- 
cillatory term and a constant term that depends on the 
elevator deflection. The oscillatory term is so heavily 
damped,* however, that after a few seconds (figs. 3 to lO) 
rrs its effect has practically disappeared and the increment 

in the wing angle of attack quickly approaches a final 
value equal to ^^q,x' '^^^ values for Kg and K3 

given hy equation (lla) are substituted into equation (14), 
there is obtained the following equation for the final val- 



ue of Aa: 



cLCl 

^ A6, 



^5 "^max 

^^final"^ — • (21) 



N da / ^ n ^ A / V 3^X|. / da L da da 
« ^ , > ^ J 1. ^ 



This value may Toe inserted in the equation 

— • qLa 
da 

n = 1 + (??■) 

W/S 

to ohtain the resulting load factor following an elevator 
deflection ^Smg^x* Kaul and Lindemann in reference 4 have 

given an equation similar to equation (21) except for the 
first term in the denoainator. Although the order of im- 
portance of the terms in the denominator of equation (21) 
will in most cases he 2, 3, and 1, computations indicate 
that the effect of the first term may sometimes he as 
large as that of the third term, 

V;ith the exception of dCm/da and d€ /da, all of 
the quantities involved in equation (21) for a given case 
can be determined with a satisfactory degree of accuracy 
or are specified by the geometrical characteristics of the 
airplane, 

From figures 3 to 10, it is seen that the airplane, 
in oscillatiTig about the final value of Aa, first reaches 

♦As a direct result of the assumptions employed, only the 
short-period highly damped oscillation appears in the equa- 
tions. 
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a raaximnn value of ^^^nax* order to account for this 

maximum value , the value of ^ccf inal givon by equation 
(21) can "be increased "by the use of the correction factors 
given in figure 11. These factors were obtained by first 
noting from tic'^re 3 that the time shift of the values of 
^ttjnaz from that of an instantaneous deflection to that 
for any other rate of deflection was approximately equal 
to tj^, the time required to reach the maximum elevator 
deflection* This result, together with the knowledge that 
the natural period of vibration about the final trim con- 
dition is equal to Srr/b, places the time at v/hich La 
reaches a maximum as approximately eqtial to t^ + n/b. 3y 
a somewhat lon^- and tedious derivation, not essential to 
this paper, the multiplying factor f or equi-.t ion (21) v/as 
found to be clo&ely given by 



The factor as given applied betit when O.r 5 and for 

the usual range of stabilities v/here K3 s;' Kx"/4. ?or val- 
ues outside this range the factor is obviously incorrect* 
J'iSure 11 shows the factor '^^ plotted a^^ainst for 
various values of Kj^ and ratios of Ki/]:^ that are 
likel;;' to exist in an actual case* Alternatively, the max- 
iinum iacremeni. in the wing angle covld be found by comput- 

rr 

in:-;; a few values of near the tine t ^ + — [ — » 



Eeference to figure 3 indicates that, v;ith rapid 
rates of elevator deflection, ths maximum down-tail load 
increment occurs when maximum deflection is reached; where- 
as, vfith the 3lov73r rates, the maximum increment actu.ally 
occvirs before the naximy.m deflection. On the b^sis that 
the maximum tail increment occurs at time tx» equation 
(l7a) could be rewritten as 





with the use of equation (14) for this purpose. 



Maximum Down-Tail Loac? Increments 




(23) 



where ?^ and Pg would "be the values multiplying the 
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quantity Smax^s/tiEg of equations (12> and (l3) v/hen 
t ti. 

As may be noted from the figures, substitution of 
for t would yield too low a value of the down-tail 
angle if the elevator motion were slow, An analysis of the 
results of the computations, together with the equations 
involved, indicated that the maximum down-tail angle will 
occur either at the time t^ or near the time given by 
0.4TT/bt depending on which value is the smaller. The 
value 0,47T/b is near the quarter period of the oscilla- 
tion, 

^'igure 12 giives the vsluos of and ?3 computed 

by substituting these two values of time into equations 
(12) and (13). The faired parts of the curves were ob- 
tained by applying the value and the horizontal por- 
tions were obtained by using the value 0.4TT/b for the 
time. The approximation to the maximum theoretical value 
of the down-tail angle obtained by the substitution of the 
value 0,4Tr/b for the time is not so close, however, as 
the approximation factor previously given for the wing 
angle. 



Maximum Up-Tail Load Increment 

Reference to figures 3 to 11 indicates that the up- 
tail load increment has tv/o values of interests a maximum 
value that occurs during the first oscillation of the air- 
plane and a final steady value that occurs when the air- 
plane is traveling at a constant angle of attack and a con- 
stant angular velocity. In the final steady state, the 
rate of change of the angle of attack is zero; therefore, 
in equation (l7a), which gives the effective tail angle, 
the middle terra becomes zero. If the value ^^final 
given by equation (21) is substituted for La in equation 
(17a) and the resulting expression is simplified, it is 
found that the final Increment of up-tail angle is very 
nearly equal to 

' - \ 
■ \ 



Equation (24) indicates that the final up-taiX load 
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increment followin,3 a control displacement depends almost 
directly upon the slope of the pi t ch ing-moment curve for 
the airplane vrithout the tr.il in place, S-uch a variation 
of the final value of the tail load precludes the possi- 
bilit;/" of giviiir; the maxinum value as a factor times the 
steady value, the procedure previously used with the v;i ng« 
A reasonahle method seeais to "be to divide the maximniii 
value into tv/o parts; the steady value" already given and 
an additional value to be added to this given value. 

Although it is irposnible to give this extra incre- 
ment exactly by any s^hort expression, the follov/in^ expres- 
sion has been found to give a reasouably close apijroxina- 
tion 



This value^ was determined from a.n analysis of . the equations 
involved as well as of the computed results, and it will 

be seen that the exponential time factor is similar to that 
previously given in the determination of i'^ for the wing 
and is subject to the saine limitations as that factor. 
Figure lo giyc^s the variation of the exponential factor 
1^ (the bracketed term of equation (25)) vrith ti for 

various values of X^^ and K^/Kq* 

JISCbSSIOE 0? EQUATIONS OF kaXIMUM-LOAD 

The- equa ti ons given include most of the factors re- 
quired for the . dot ermin'dti on of the njaximum load values of 
the v/inf:c and the tail followin^^ a given type of elevator 
movement. Because some of the quantities that appear vary 
only slightly betxireen airplanes, it may be possible upon 
the completion of .proposed flif^:ht te^ts to introduce aver- 
age alu.es in the equations that will make them appear less 
formidable • 

It i^3 obvious that, in any well- ualacned design, the 
controls should be capable of bein.^ moved sufficiently by 
the pilot to maneuver the airplane to the applied load 
factor at all air speeds v^ithin the uns talled-flight range* 
The necessary relation between th- elevator deflection and 
the load factor can be obtained from • equations (3l) and 
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(33) , and the up-tail load is then found from expressions 
(21), (24), and (25). Although the down-tail load incre- 
ment is related to the wing load factor through the incre- 
ment of elevator deflection, it depends so markedly on the 
rate of movement that the rate must be known or assigned 
in advance. 

At present, little is knovrn regarding the rates of 
elevator deflection encountered under normal conditions 
except that a finite len.:i;th of time (of the order of 0.2 
sec) is required to apply the necessary force in even the 
quickest maneuver with the controls both ae rodynam ically 
and statically balanced. It seems reasonable to expect 
that J even though the controls are moved as rapidly as 
possible, the effective rate of movement would be slightly 
reduced owing to aerodynamic lag. Further, it can be'ex- 
pected that the rate of movement would be decreased with 
an increase in the size of the airplane because of an in- 
crease in the inertia of the control system. 

Particularly severe tail loads can bo built ut) if, 

after a movement of the elevator and during the time that 
the airplane is traveling on a curvilinear path, the ele- 
vator is abruptly reversed to an opposite position. This 
type of moveraent, under certain conditions, could result 
xn a tail-load increment more than twice the value obtained 
with the single throw. Such movements are unusual and 
therefore probably of small concern. It should be noted, 
however, that, in a normal maneuver such as a pull-up, the 
elevator is returned to neutral more or less rapidly at 
some time after the initial upward displacement. If this 
return to neutral is made at about the time of the maximum 
upwara load due to damping, substantial upward increment 
of load may be added to that already existing. Because of 
these possibilities, the horizontal tail for small maneuver- 
able airplanes should probably be designed to withstand 
loan, increments incurred in a push-down, pull-up condition 
thao would cover the flight V-G envelope from a negative 
to a positive value of g. The loads for the large ain^lane 
snould be designed for a similar maneuver, but the rates 
of movement should be considerably lower. 

Langley Memorial Aeronautical Laboratory, 

national Advisory Committee for Aeronautics, 
Langley Field, Va. 
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TABLE I 

C3HABACTERISTICS USED IN THE COMPUTATIONS 
Characteristics held constant 



Case 



P 

(sl-ugs/ 
cu ft) 



0.00^2 8 



.002oP 



.00238 



4 : .00198 



.0C163 



1 

^t ! ^ 
(ft)i(ft) 


s 

(sq ft) 


St 
(sq ft) 


K 


!3CLt i'^^Lt 
do^ 1 d6 


dT 


-16 j 42 


248 


48.5 


1.1 


2.83 


1.51 


0.533 


Uh, 


Chare ct 


-eristics 


varied 







V 

(fps) 



146.6 



183.3 



220.0 



201.0 
265.0 



(Ib/sq ft) 



25.5 



(slTOgs) |(sl\lg-ft'^) 



140 



40.0 



6 j .00198 



7 I .00198 

i 



201.0 
201. 0 



8 j .0019P 201.0 



■4- 



9 I .00198 



10 



.00128 



201.0 



201.0 



11 j .0023 8 146.6 



57.6 
40.0 

57.6 



140 



140 



4400 



(ft^) j da 



31.4t0.125 



da 



4.15 



■nt 



0.95 



d c 



0.53 



4400 



4400 



40.0 



140 



i — 



140 i 



40.0 

40.0 
40.0 



150 



40.0 

25 . 6 



140 
140 

[. 

140 i 4400 



4400 

'r^OO 

4600 
^400 
t-iOO 
4400 



31.4, .125(4.15 1 .95j .53 



31.4; .125 4.15 
31.4; .125 



I 



.125 



4.15 

I — — 



4.15 



,95 
.95 
.95 



32.6; .125i4.15 j .95 
29. 3' .12514.15 I .95 



i 



31,4! . 125 j 4. 56 | .95 



I 31.4! ,125i4.15 1 .95 



140 



4400 



31.4.'0 



14.15 



31.4 .125 4.15 



.95 



1.21 



.53 
.53 

.53 
.53 



.53 



.53 



•50 



.53 
.53 
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mBiE II 



VAEIATICK IN LOADS FOR CASE h CAUSED BY SEPARATELY CHftUGlNG EACH 
-t OF A HUMBEE OF PARAMETERS 1 PERCENT 



Variable changed 


Percentage of change In 


Jte.xlmuia in* 

creM.f5nt of 
wing load 


tive increment 
of tall load 


tive increment 
of tail lop(? 


Center- of -gravl ty 
poaition 




0.97 


21.91 


AirpJ.ane airgpeed, V 


2.00 


1.97 


2 .00 


Downvash factor, 


.99 


.23 


-.31 


Slope of lift curve, 
dCj^/da 


-•28 


-.06 


.01* 


Tall efficiency 
factor> 


.22 




.32 


Airplane mass, m 


.18 


.08 


-.07 


Moment of inertia, I 


.09 


.58 


.22 


Altitude 


.06 


.05 


.11 




Figure 3.- Effect of rate of elevator deflection and air speed 
on increments of wing and tail angle of attack. 
Cases 1,2, and 



NACA 



Figs. 4,5,6 



Moss, s/ugs 
i40 ■ 
150 




Figure 4.- Effect of altitude on 

increments of wing and 
tail angle of attack. 
Cases 2,3,4, and 5. 



/ 2 
Time, sgc 

Figure 5.- Effect of 
moment of 
inertia on increment=^ 
of wing and tail angle 
of attack. 
Capes 4 and 6. 



/ ^ 

Time, sec 

Figure 6,- effect of 

airplane 
ing ? on i n c r eni ^ n t s 
of winr ^nd tail 
anj;;le of attack. 
C?.ses 4 -^nd 7. 



-5 

I 

4 



NACA 



Figs. 7,8,9,10 




/ 2 
T/rrfG, sec 

Figure. Effect 

of slop* 

of lift curve on 
increments of wing 
and tail angle of 
attack. 

Cases 4 and 8. 



Figure 8.- Effect 
of 

downwash factor de/ 
doL on increments of 
wing and tail angle 
of attack. 
Cases 4 and 9. 



Figure 9. 



/ 2 
Time, sec 

Effect 
of 

center- of -gravity 
position on incre- 
ments of wing and 
tail angle of 
attack. Cases 4410, 



Figure 10.- Effect 

of tail 
efficiency factor 
on increments of 
wing and tail angle 
of attack. 
Cases 1 and 11. 
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